Dietary methionine (Met) restriction produces a coordinated series of transcriptional responses in the liver that limits growth performance and amino acid metabolism. Methyl donor supplementation with betaine (Bet) may protect against this disturbance and affect the molecular basis of gene regulation. However, a lack of genetic information remains an obstacle to understand the mechanisms underlying the relationship between Met and Bet supplementation and its effects on genetic mechanisms. The goal of this study was to identify the effects of dietary supplementation of Met and Bet on growth performance, transcriptomic gene expression, and epigenetic mechanisms in geese on a Met-deficient diet. One hundred and fifty 21-day-old healthy male Yangzhou geese of similar body weight were randomly distributed into 3 groups with 5 replicates per treatment and 10 geese per replicate: Met-deficient diet (Control), Control+1.2 g/kg of Met (Met), and Control+0.6 g/kg of Bet (Bet). All geese had free access to the diet and water throughout rearing. Our results indicated that supplementation of 1.2 g/kg of Met in Met-deficient feed increased growth performance and plasma homocysteine (HCY) levels, indicating increased transsulfuration flux in the liver. Supplementation of 0.6 g/kg Bet had no apparent sparing effect on Met needs for growth performance in growing geese. The expression of many genes critical for Met metabolism is increased in Met supplementation group. In the Bet-supplemented group, genes involved in energy production and conversion were up-regulated. Dietary supplementation with Bet and Met also altered DNA methylation. We observed changes in the methylation of the LOC106032502 promoter and corresponding changes in mRNA expression. In conclusion, Met and Bet supplementation in geese affects the transcriptional regulatory network and alters the hepatic DNA methylation of LOC106032502.
INTRODUCTION
, which is the first limiting amino acid (AA) in a corn-and soybean-based diet, is an indispensable nutrient for poultry. Met is crucial for protein synthesis in poultry and is essential for optimal muscle accretion, feather synthesis, and other biochemical processes that utilize a methyl group donor. The intake of a Met-deficient diet produces a coordinated series of transcriptional, endocrine, and biochemical changes across multiple tissues, but the underlying mechanisms linking Met restriction to its metabolic phenotype are poorly understood. Betaine (Bet) is a common term for trimethylglycine, a substrate for betaine-homocysteine methyl transferase (BHMT) in the liver and kidneys.
The formation of Met from homocysteine can occur either through the transfer of a methyl group from Bet by the enzyme BHMT to produce dimethylglycine or via 5-methyl tetrahydrofolate (Alirezaei et al., 2011) . Prior studies have demonstrated that Bet can replace Met in diets that are moderately deficient in Met due to its function as an essential AA and because it is as effective as Met in improving the performance and carcass quality of growing birds (Zhan et al., 2006; Yang et al., 2017) . However, the Met-replacing and fatdistribution effects of Bet on transcriptional responses remain poorly understood.
The liver plays a central role in whole body lipid metabolism, participating in the regulation of lipid and glucose metabolism through lipogenesis, fatty acid oxidation, glycogenesis, and glycogenolysis (Bechmann et al., 2012) . The dependent effects of nutritional additives are most likely linked to transcriptional variations in the liver. Some studies have begun to focus on the DNA methylation on cytosines with guanine as the next nucleotide, which are known as CpG sites and are 3463 commonly present in high concentrations in the promoter regions of genes. These epigenetic marks are modulated by environmental stimuli such as stress (Paternain et al., 2011) , drugs (Yoo and Jones, 2006) , or nutritional status (Lomba et al., 2010) . Recently, several examples of dynamic changes in transcriptomes due to nutritional interventions have been reported in rats, including the effect of Met restriction on transcriptomic and metabolomic readouts as well as specific gene promoter methylation (Cordero et al., 2013b; Ghosh et al., 2017 ). Other studies have described different dietary habits that influence the epigenetic profile such as a protein-restricted diet (Kalhan, 2009 ) and methyl donor supplementation (Cordero et al., 2013a) . In this sense, the effect of methyl donor supplementation on metabolic and genetic processes has been studied in both humans (Waterland et al., 2008; Boeke et al., 2012) and animal models (Cordero et al., 2013a ) during pregnancy and adulthood. However, the transcriptional effects of Met and Bet supplementation on sulfur amino acid metabolism in geese, which have a strong capacity to digest crude fiber, have not yet been reported.
In this study, we determined the effects of dietary supplementation with Met and Bet on the growth performance and serum biochemical parameters of geese. Furthermore, we investigated the transcriptomic and epigenetic mechanisms in the liver after consuming a Met-restrictive diet and the potential protective effect of methyl donor supplementation with Bet. With this purpose, we performed a transcriptome evaluation using Illumina technology as well as assessed gene expression via RT-qPCR and conducted specific promoter methylation analyses of interleukin 4-induced gene 1 (IL4I1) and LOC106032502. These comparisons provided new insights into the sensing and signaling mechanisms mediating the effects of dietary Met and Bet supplementation in geese.
MATERIALS AND METHODS

Ethics Statement
All bird-handling protocols were approved by the Yangzhou University Ethics Committee on Animal Experiments under permit number SYXK (Su) IACUC 2012-0029. All experimental procedures with geese were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals, approved by the State Council of the People's Republic of China.
Animals, Experimental Design, and Sampling
This study was conducted using 150 healthy male Yangzhou geese at 21 d of age from Jiangsu Yangzhou Tiange Husbandry Co., Ltd. All of the geese had similar body weights (BW) (1.02 ± 0.13 kg) and were random- (Yangzhou, China) . One kilogram of premix contained 1, 200,000 IU, retinol, 400,000 IU rachitasterol, 1,800 IU D-α-tocopherol, 150 mg coagulation vitamin, 90 mg thiamine, 800 mg riboflavin, 320 mg pyridoxine, 1 mg cobalamin, 4.5 g nicotinic acid, 1,100 mg pantothenic acid, 65 mg folic acid, 5 mg biotin, 45 mg choline, 6 g Fe (ferrous sulfate), 1 g Cu (copper sulfate), 9.5 g Mn (manganese sulfate), 9 g Zn (zinc sulfate), 50 mg I (potassium iodide), and 30 mg Se (sodium selenite).
2 Values are calculated from ingredient Apparent Metabolic Energy (AME) values for chickens.
3 This was a calculated value.
ized into 3 groups that included 5 replicates per treatment and 10 geese per replicate. Basal corn-soybean meal diet was formulated mainly according to the NRC (1994) for geese and prior research results from our laboratory (Shi et al., 2007; Wang et al., 2010) . The crude protein and metabolizable energy of basal diets were 16.16%, 10.90 MJ/kg, respectively. The nutrition requirements have already meet or exceed the recommended nutritional needs of geese in China except for Met. The ingredient and nutrient compositions of the experimental diets are shown in Table 1 . The source of Met used in the feed was DL-Met. The control group (Control) received only the basal diet (Met restriction diet) from 21 to 70 d, Met-treated group (Met) received the basal diet supplemented with an additional 1.2 g/kg of Met, and the Bet-treated group (Bet) was fed the basal diet supplemented with an additional 0.6 g/kg of Bet. Geese were raised in separate plastic-floor pens with 2 cm 2 square holes, set 70 cm above the floor. All manure was removed from underneath the wirefloor at the end of the experiment. All geese were fed and watered ad libitum throughout rearing. Water was provided in a half-open, plastic, cylindrical water tank, and pelleted feed was provided in feeders on 1 side of each pen. The geese were subjected to closed indoor rearing, without outdoor access, under similar environmental conditions (temperature: 26.0
• C ± 3.0 • C; relative humidity (RH): 65.5 ± 5.0%; photoperiod: 16L:8D; light intensity: 20 lux; type of light: fluorescent lamps; stocking density: 0.5 m 2 /gander).
Sample Collection and Measurements
The feed intake per pen was measured on a daily basis, and BW was recorded by electronic platform scale (acs-30 Shanghai Yousheng Co., Ltd, Shanghai, China) with the accuracy of 1 g to 6,000 g at 21 and 70 d of age. The average daily feed intake (ADFI), average daily gain (ADG), and feed-to-gain ratio (F/G) were calculated at the end of the experiment, and mortality was recorded as it occurred. When the geese reached 70 d of age, 2 geese from each treatment replicate were randomly selected (5 replicates per treatment; n = 30 geese) to have blood drawn from their wing veins. Additionally, 3 geese were randomly selected from the 10 ganders who were drawn blood of each group (n = 9 geese) were slaughtered via exsanguination to obtain liver samples. Liver samples were rapidly collected from the right side of the liver in each gander, wrapped in freezing tubes, frozen in liquid nitrogen, and stored at −80
• C. The samples were used for the transcriptome, qRT-PCR, and DNA methylation analyses.
Clinical Blood Parameters
Blood drawn from wing veins was cooled in ice water and centrifuged for 10 min at 4,500 rpm to obtain plasma for measuring biochemical indexes. Plasma was stored at −20
• C until analysis. Plasma concentrations of total protein, albumin, and globulin were measured using an automatic biochemical analyzer (UniCel DxC 800 Synchron, Beckman Coulter, CA, USA). A cyclic enzymatic method was used to measure homocysteine (HCY) production in peripheral blood (Refsum et al., 2004) .
Preparation of cDNA Libraries and Illumina Sequencing for Transcriptome Analysis
Liver samples were extracted to obtain total RNA using TRIzol (DP405-02, Tiangen Biochemical Technology Co., Ltd, Beijing, China) as per the manufacturer's protocol. Total RNA was treated with DNase I to avoid genomic DNA contamination. The concentration and RNA integrity was confirmed using a 2100 Bioanalyzer (Agilent Technologies, Beijing, China). Samples for transcriptome analyses were prepared according to the instructions provided with the Illumina kit. Using the fragmentation buffer provided in the kit, the mRNA was fragmented into sequences of approximately 200 bp, and the first strand of cDNA was synthesized using random hexamers as primers and the mRNA fragments as templates. Buffer, dNTPs, RNase H, and DNA polymerase I were then added to synthesize the second strand of cDNA. Double-stranded cDNAs were purified with the QiaQuick PCR Extraction Kit (No. 51,504, Beijing Biomarker Biotechnology Co., Ltd., Beijing, China) and eluted with EB buffer for end repair and A-tailing. Sequencing adapters were ligated to the 5 and 3 ends of the fragments. Fragments were purified via agarose gel electrophoresis and enriched via PCR amplification to create a cDNA library.
The cDNA library was subsequently sequenced on the Illumina sequencing platform (Illumina HiSeq 4000, Tiangen Biochemical Technology Co., Ltd, Beijing, China), and 150-bp paired-end reads were generated. Raw reads were generated from the obtained images. After removal of low-quality reads, the processed reads showing an identity value of 95% and a coverage length of 100 bp were assembled using SOAP2 de novo software (Li et al., 2010) . Clean reads were assembled using Trinity (Grabherr et al., 2011) , and the Trinities were clustered into unigenes using TG-ICL tools (Pertea et al., 2003) . The unigenes were subjected to BLAST searches and annotation against the NCBI non-redundant database using an E value cut-off of 10 −5 . Functional annotations based on gene ontology (GO; http://www.geneontology.org) were analyzed with Blast2GO software. Cluster of Orthologous Groups (COG) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotations were performed via BLAST searches against the COG and KEGG databases.
Differentially expressed gene (DEG) libraries (control vs. Met-treated, control vs. Bet-treated, and Mettreated vs. Bet-treated) were constructed as transcriptome libraries. Only 1 adaptor was used as a sequencing primer (single-read). Each tunnel generated millions of raw tags with a length of 50 bp.
To map the DEG reads, sequenced raw data were filtered to remove "dirty" raw reads that contained the adapter sequences, reads with more than 10% unknown bases, and low-quality reads (which were defined as reads with more than 50% of bases showing a quality value ≤5). To annotate the reads, the clean reads were mapped to our transcriptome reference database, allowing no more than a 2-nucleotide mismatch. Clean tags were designated unambiguous clean tags. For gene expression analyses, the number of unambiguous clean tags for each gene was calculated and normalized to the reads per kilobase transcriptome per million mapped reads value.
Statistical analysis of the frequency of each read in the different cDNA libraries was performed to compare gene expression between the different treatment groups. Statistical comparisons were performed with customwritten scripts using a previously described method (Livak and Schmittgen, 2001 ). The false discovery rate (FDR) was used to determine the threshold of P-values in multiple tests and analyses. We employed an FDR of 0.05 as the threshold to judge the significance of differences in gene expression. For the GO and pathway enrichment analyses, we mapped all DEGs to terms in the KEGG and GO databases and then searched for significantly enriched terms. GO determination of the significance of enrichment was based on the KS test, whereas KEGG enrichment analysis was based on P-values. In both instances, the lower the KS or P value, the greater the likelihood of enrichment.
Quantitative Reverse Transcription PCR (qRT-PCR) Validation
Total RNA was extracted from livers using TRIzol reagent (DP405-02, Tiangen Biochemical Technology Co., Ltd., Beijing, China), and then preserved at −80
• C until used. The sequences of the specific primer sets are listed in Table 2 . qRT-PCR was performed using the SYBR Premix Ex Taq Kit (KT201-02, Tiangen Biochemical Technology Co., Ltd., Beijing, China) as per the manufacturer's protocol. The results were normalized to the expression level of the constitutively expressed β-actin gene. All samples were analyzed in triplicate, and the average cycle threshold (Ct) values were employed for quantification using the 2 −ΔΔCT method (Livak and Schmittgen, 2001; Tao et al., 2012) .
DNA Extraction and Bisulfite Modification
DNA methylation levels in the promoter regions of IL4I1 and LOC106032502 were quantified using bisulfite sequencing PCR (BSP). Methyl Primer Express v1.0 was employed to identify effective dense CpG island sequences according to GenBank. Genomic DNA was extracted from liver tissues using the Rapid Animal Genomic DNA Isolation Kit (SK8224, Sangon, Shanghai, China) as per the manufacturer's instructions. The concentration and purity of the DNA were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, USA). DNA samples (200 ng) were bisulfated using the EZ DNA Methylation-Gold Kit (SK8161, Sangon, Shanghai, China). Three separate bisulfite modification treatments were performed for each DNA sample, and 3 replicates were performed for each group.
Bisulfite Sequencing PCR (BSP)
Predicted CpG islands were identified in gene promoter regions (approximately 2000 bp upstream of the transcriptional start site), and bisulfite sequencing PCR (BSP) primers were designed using online MethPrimer software (Li and Dahiya, 2002) . The BSP primers for IL4I1 and LOC106032502 are listed in Table 2 . The 50-μL PCR mixture contained the following: 5 μL of 10 × Taq Buffer with Mg +2 [100 mM Tris-HCl (pH 8.8 at 25
• C), 500 mM KCl, 15 mM MgCl 2 , and 0.8% (v/v) Nonidet P40]; 1 μL of the forward primer (10 μM); 1 μL of the reverse primer (10 μM); 1 μL of dNTPs; 0.8 μL of Taq DNA polymerase (5 U/μL); 38.2 μL of double-distilled water; and 3 μL of bisulfite-modified DNA. PCR amplification was performed in a thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). The cycling parameters were as follows: 98
• C for 4 min; 20 cycles of 94
• C for 45 s, 66
• C for 45 s, and 72
• C for 60 s; 20 cycles of 94
• C for 45 s, 56
• C for 60 s; and 72
• C for 8 min. The PCR products were then separated in 2% agarose gels and purified using Universal DNA Purification Kits. The purified PCR products were subcloned using the pUC18-T vector and transformed into chemically competent Escherichia coli cells. For each DNA sample, 10 positive clones were selected for sequencing (Augct, Beijing, China). The sequences from the bisulfite PCR assays were analyzed for methylation using Methylation Analysis software (Kumaki et al., 2008) .
Statistical Analyses
Data are expressed as the mean ± standard deviation (SD) and after KS testing to confirm normality. SPSS 17.0 (SPSS, Shanghai, China) was used to 1 Results are expressed as the mean ± SD, traits BW and ADG n = 50 and for ADFI and F/G n = 5. Values with different lowercase superscripts (a, b) in the same column indicate a significant difference (P < 0.05), whereas values with the same or no superscripts indicate no significant difference (P > 0.05).
ADFI, average daily feed intake; BW, body weight; ADG, average daily gain; F/G, feed-to-gain ratio; The control group, Control, received only the basal diet; the Met group received the basal diet supplemented with an additional 1.2 g/kg of Met; and the Bet group was fed the basal diet supplemented with an additional 0.6 g/kg of Bet. The data are presented as the mean ± SD with n = 10 per treatment. Values with different lowercase superscripts (a, b) in the same column indicate a significant difference (P < 0.05), whereas values with the same or no superscripts indicate no significant difference (P > 0.05).
TP, total protein; ALB, albumin; GLOB, globulin; HCY, homocysteine.
Serum concentrations of TP, ALB, and GLOB were measured using an automatic biochemical analyzer (UniCel DxC 800 Synchron, Beckman Coulter, CA, USA). A cyclic enzymatic method was used to measure HCY production in peripheral blood. perform Student's t-tests or one-way ANOVA to determine statistically significant differences between or among the different treatment groups. The differences between the group means were analyzed with Duncan's multiple range test. Over-presentation of the DEGs was determined in specific pathways. The level of enrichment was indicated by the enrichment factor, and the P-value was used to calculate the significance of enrichment. Furthermore, statistically significant differences between treatment groups were tested with Fisher's exact test for the methylation levels of each CpG site and with the Mann-Whitney U test for the methylation level of the entire CpG site. Differences were considered statistically significant when P < 0.05.
RESULTS AND DISCUSSION
Supplementation with Met and Bet Affects Growth Performance and Plasma Biochemical Indexes
The effects of Met and Bet on the growth performance and plasma biochemical indexes of Yangzhou geese are shown in Tables 3 and 4 . No mortality was observed during the experiment. The BW of the Yangzhou geese at 70 d of age and the ADG in the Met-treated group were increased significantly compared with those of the geese in the control group and the Bet-treated group (P < 0.05). The results of several previous studies led to the hypothesis that growth performance is improved in poultry that receive dietary supplementation with Met. This conclusion was supported by Chen et al. (2013) and Xie et al. (2006) , who determined that the optimal dietary concentration of Met supplementation could increase growth performance in growing birds (Park et al., 2017) . Similarly, no improvement in BW gain or the feed conversion ratio following Bet supplementation was observed by Yang et al. (2017) or Esteve-Garcia and Mack (2000), which is consistent with our results.
Dietary Met levels significantly affected the concentrations of HCY in Yangzhou geese at 70 d of age. Specifically, the concentration of HCY in the Mettreated group increased significantly compared with that of the geese in the Bet-treated and control groups (P < 0.05). Total protein, albumin, and globulin levels were not significantly different between the 3 groups of geese. It has been shown that hepatic BHMT activity increases when Met-deficient diets containing adequate or excess choline and Bet are fed to chicks and rats (Emmert et al., 1996) . Furthermore, Bet supplementation was found to elicit maximal hepatic BHMT activity when rats consumed diets with adequate choline, Met, and cysteine (Finkelstein et al., 1983) . In agreement with these previous studies, we observed that supplementation of the basal feed of geese 1.2 g/kg of Met resulted in increased plasma HCY levels, indicating an increased transsulfuration flux in the liver. Whether changes in the flux through BHMT and Met synthesis occurred in our study is unknown, and further work is needed to study the effects of Met and Bet supplementation on Met metabolism.
Liver Transcriptome Analysis
Illumina Transcriptome Sequencing and Read Assembly To obtain a global view of the goose hepatic transcriptome and identify genes regulated by nutritional factors, cDNA libraries were constructed from hepatic tissues of Yangzhou geese and sequenced using the Illumina HiSeq 4000 sequencing platform. Hepatic tissue samples (T1-T9) were used to build nine libraries for high-throughput sequencing. After cleaning and quality checks, we obtained 69.42 Gb of clean sequencing data. The percentages of Phred quality scores >30 (Q30) were 96.25%, 95.87%, 95.83%, 95.80%, 95.78%, 96.32%, 95.34%, 95.52%, and 95.36% for the nine libraries. The guanine-cytosine (GC) percentages in the libraries were 54.88%, 54.04%, 54.21%, 52.40%, 54.38%, 53.45%, 53.26%, 54.59%, and 54.16%. Assembly of the reads resulted in 114,460 transcripts and 86,683 unigenes with mean sizes of 1,394 and 1,086 bp, respectively. These reads were assembled using Trinity software. Low-complexity and low-quality reads were filtered out, which resulted in 228,563 trinities (Tables 5-9) .
Functional Annotation of the Transcriptome Due to the lack of available genomic resources for geese, goose mRNAs with a full-length CDS from GenBank were considered the "gold standard" reference in the present study. The mean lengths of our unigenes were longer than those previously reported (Ozsolak et al., 2010) . We hypothesized that this was primarily due to different assembly procedures. Our sequencing data were assembled using Trinity, a new de novo transcriptome assembly package that can produce transcripts of >200 bp (Grabherr et al., 2011) . The assembly results suggested that the unigene data were highly reliable and covered most of the transcriptome sequences. To determine the function of DEGs, all DEGs were mapped to terms in the GO database. A total of 17,324, 17,387, and 17,494 differentially expressed unigenes were annotated between the control and Met-treated groups, the control and Bet-treated groups, and the Met-and Bet-treated groups, respectively. These findings suggested that the transcriptome of the goose liver contains a large amount of new and useful transcript information, as shown in Figure 1 .
GO is an international standardized gene functional classification system that involves 3 ontology algorithms: molecular functions, cellular components, and biological processes (Ashburner et al., 2000) . Based on the obtained GO assignments, 49,467 unigenes were categorized into 50 functional groups (Figure 2 ): 23.4% of the unigenes (n = 11,586) were categorized as cellular components; 28.5% of the unigenes (n = 14,097) were classified as showing molecular functions; and 48.1% (n = 23,784) of genes were categorized as being involved in biological processes. To further categorize biochemical pathways, we performed a BLASTX search against the KEGG protein database. Pathway analysis with KEGG annotations indicated that these unigenes were involved in 282 pathways (Figure 2) . The COG database is based on the phylogenetic relationships among bacteria, algae, and eukaryotic organisms. The COG database can be used to directly classify gene products from these groups. Highly represented genes were classified in the "general function" category, followed by the "signal transduction mechanism" and "posttranslational modification, protein turnover, and chaperones" categories.
Analysis of Differential Gene Expression An FDR ≤ 0.05 and an absolute value of the log 2 fold change (log 2 FC) ≥ 1 served as the criteria for screening DEGs. Although only small differences in gene expression were found among the groups, potential nutritional mechanisms in goose liver were revealed. We identified 89 DEGs in geese that received Met supplementation (Figure 3 ), and these genes were predicted to be involved in "the metabolism of amino acids." Among these genes, the 64 up-regulated DEGs included key enzymes are involved in glycine, serine, threonine, cysteine, and Met metabolism (e.g., histone deacetylase (HDAC7), L-threonine 3-dehydrogenase (TDH), pantetheinase-like (LOC106032502), and interleukin 4-induced 1 (IL4I1). Additionally, the 25 down-regulated DEGs included key genes are involved in fatty acid metabolism (e.g., fatty acid elongase (ELOVL2) and protein tyrosine phosphatase (PTPRF), which is involved in carbon metabolism). The up-regulated and down-regulated DEGs cooperatively promoted the effect of dietary Met supplementation. It would be of interest to investigate whether the substantial increases in gene expression observed in the livers of Met-supplemented geese affect protein synthesis in Yangzhou Geese. Peñagaricano et al. (2013) found that 276 of 10,662 analyzed genes showed significant differences in response to maternal Met supplementation. One of these genes, BCL2A1, encodes a member of the BCL2 protein family that plays a critical role in the regulation of oocyte and early embryo survival (Boumela et al., 2011) . Another DEG, HDAC7, is expressed in B-cell precursors, where it interacts with the transcription factor MEF2C and is recruited to the promoters of non-B-cell genes. Furthermore, TDH is the first enzyme in the biochemical pathway involved in the conversion of L-threonine, via 2-amino-3-ketobutyrate, to glycine (Tables 5-7 ). Consistent with their findings, our mRNA profiling analysis revealed the involvement of similar pathways. Furthermore, these DEGs play a key role in the development of the goose liver.
In geese that received dietary Bet supplementation, 45 DEGs were identified: 24 genes were up-regulated, and 21 genes were down-regulated when the Bet-treated group was compared with the control group. These 45 genes were characterized as being involved in "energy production and conversion," "replication, recombination, and repair," and "carbohydrate transport and metabolism." The up-regulated DEGs included an L-gulonolactone oxidase-like gene (LOC106049515), whereas the down-regulated DEGs included apelin receptor (APLNR), acidic mammalian chitinase-like (LOC106045865), and stabilin 1 (STAB1). Previous studies have concluded that a diet supplemented with Bet protects rats against high-fat diet-induced liver injury (Deminice et al., 2015) and alleviates carbon tetrachloride-induced liver injury in chickens (Tsai et al., 2015) . Based on a meta-analysis, Sun et al. (2016) reported that choline and Bet consumption lowers the incidence of cancer. Choline can offer the onecarbon unit when oxidized to Bet, Just like 5-methyl tetrahydrofolate. Therefore, if this pathway of onecarbon metabolism is disrupted, it will affect processes such as DNA synthesis and repair as well as genes regulated by methylation, and consequently promotes carcinogenesis (Mentch and Locasale, 2016) . We found that genes involved in "energy production and conversion" were up-regulated by Bet supplementation, which may be related to the prevention of hepatic cancer. Further studies are warranted to verify these results.
Comparison of the Met-and Bet-supplemented groups led to the identification of 6 DEGs, 3 of which were up-regulated, whereas 3 were downregulated. These genes were predicted to be involved in "cell wall/membrane/envelope biogenesis" and "carbohydrate transport and metabolism." The upregulated DEGs included an inhibin beta C chain-like gene (LOC106049823), which is a key gene involved in signal transduction. In contrast, pantetheinaselike (LOC106032502), a key gene involved in amino acid transport and metabolism, was down-regulated. We speculate that the difference between Met and Bet supplementation is that Bet can up-regulate LOC106049823 and down-regulate LOC106032502.
Pathway analysis of the DEGs indicated that genes involved in "amino acid transport and metabolism" and "posttranslational modification, protein turnover, and chaperones" showed differences between Bet-treated group and the control group. The transcriptome landscape shifted to genes required for "transcription," "replication, recombination, and repair," and "carbohydrate transport and metabolism" when the Met-treated group was compared with the control group. Furthermore, genes involved in "carbohydrate transport and metabolism" and "cell wall/membrane/envelope biogenesis" (in the KEGG category of metabolism) were significantly enriched in Bet-treated animals com- 
Validation of DEGs Identified Using RNA-Seq
As shown in Figure 6 , 5 DEGs were randomly selected for validation via qPCR. Although the exact fold 1 T01, T02, and T03 are the liver samples from the Control group at 70 days of age; T04, T05, T06 are the liver samples from the Met group, which were supplemented with an additional 1,200 mg/kg of Met; T07, T08, and T09 are the liver samples from the Bet group, which were supplemented with an additional 600 mg/kg of Bet.
Group N = 3 for each group.
2 Denotes the percentage of data with base calling accuracy higher than 99.9%. change of the DEGs at several data points varied between the RNA-Seq and qPCR analyses, the differential expression trends detected using the 2 approaches were largely consistent. Discrepancies with respect to ratios may be attributed to the different algorithms and sensitivities of the 2 techniques.
Effect of Met and Bet Supplementation on the Methylation of the IL4I1 and LOC106032502 Promoter Regions
The methylation levels at individual CpG sites are shown in Figures 7 and 8 . No significant difference was observed in the total methylation level in the IL4I1 promoter region as Met exposure increased ( Figure 7 ) (P = 0.744). In the Bet-treated group compared with the control group, we observed an increased methylation of IL4I1 CpG sites (P = 0.016) and up-regulated gene expression (Figure 6 ), but with no significant difference in expression level between the 2 groups (P > 0.05).
Our data also showed that the methylation of the promoter region of LOC106032502 decreased as Met and Bet exposure increased ( Figure 8 ) (P = 0.014). The percentage of DNA methylation in the control group was 51.3%, which was significantly higher than that observed in either the Met-or Bet-treated group.
In comparison, as in Figure 6 , the mRNA level of LOC106032502 in the control group was significantly lower than that in Met-treated geese (P = 0.01).
One of the most compelling findings of our study was the differential expression of IL4I1 and LOC106032502. IL4I1 belongs to the L-amino-acid oxidase family and catalyzes the oxidation of L-phenylalanine and other amino acids (Boulland et al., 2007) . The expression of IL4I1 increased significantly when Met was added, which is consistent with the hypothesis of an internal transport system. Previous studies have suggested that IL4I1 contributes to immunoregulatory activities (Yue et al., 2015) . We observed, for the first time, that IL4I1 plays a critical role in cysteine and methionine metabolism. LOC106032502 is predicted to function as a pantetheinase-like protein. The expression of LOC106032502, a component of the "pantothenate and CoA biosynthesis" pathway, was increased in Metsupplemented geese. These are the first data indicating that the addition of Met alters the gene expression of LOC106032502.
DNA methylation, an important epigenetic factor, is catalyzed by DNA methyltransferases (Li et al., 2015) . DNA methyltransferases mediate DNA methylation by catalyzing the transfer of the methyl group from Sadenosylmethionine (SAM) to cytosine during DNA replication. SAM concentrations depend on micronutrients such as Bet and Met. Nutritional deficiency or dietary supplementation with Met and folic acid (FA) can induce alterations in DNA methylation (Waterland, 2006; Shen et al., 2017) . DNA methylation, additional epigenetic modifications that can alter transcriptional activity (e.g., histone methylation or acetylation). For some gene, the DNA methylation of gene promoters is inversely associated with gene expression. However, the epigenetic effect on gene expression did not apply to all genes, because methylation of the promoter region was different in any region (Schlesinger et al., 2007) . In the present study, we did not observe significant difference in IL4I1expression level with increased methylation of IL4I1 CpG sites in Bet-treated group, suggesting that mechanism other differential DNA methylation were responsible for alterations in IL4I1 gene expression, although this remains to be empirically tested. (1) The control group, Control, received only the basal diet; the Met group received the basal diet supplemented with an additional 1.2 g/kg of Met; and the Bet group was fed the basal diet supplemented with an additional 0.6 g/kg of Bet. (2) Each genotype contains 3 individuals. The mean ± SD is presented for each group (n = 3). * denotes P < 0.05 for t-tests. The differential expression trends detected using the 2 approaches were largely consistent, supporting the reliability of the Illumina sequencing data.
Given the observed global DNA hypomethylation and in an effort to determine whether differential methylation patterns were related to increased gene expression, we detected alterations in the DNA methylation pattern of the LOC106032502 promoter. The methylation of the LOC106032502 promoter in the Met-supplemented and Bet-supplemented groups was reduced, whereas LOC106032502 gene expression was increased. Met or Bet supplementation may increase the concentration of SAM (Rowling et al., 2002) and decrease DNA methyltransferase expression, which could result in decreased methylation at the LOC106032502 promoter and subsequent changes in gene expression. We hypothesize that demethylation increases LOC106032502 expression and the expression of LOC106032502 is inversely regulated by DNA methylation, suggesting that dietary Met and Bet supplementation can alter the methylation status of specific gene promoters leading to persistent changes in gene expression. This promising new area of investigation could enhance our understanding of how nutrition modulates biochemical and genetic mechanisms.
In the present study, the effects of dietary Met and Bet supplementation on the liver transcriptome during gander growth were characterized. Our results indicated that supplementation of 1.2 g/kg Met in Met-deficient feed increased growth performance and plasma homocysteine (HCY) levels, indicating increased transsulfuration flux in the liver. Supplementation of 0.6 g/kg Bet had no apparent sparing effect on Met needs for growth performance in growing geese. The expression of many genes that are critical for methionine metabolism was increased by Met supplementation. In the Betsupplemented group, genes involved in energy production and conversion were up-regulated. Dietary supplementation with Bet and Met can also alter DNA methylation. We hypothesize that demethylation induces LOC106032502 expression. These results expand our understanding of the epigenetic regulation involved in goose nutrition. The findings of this study further highlight the importance of Met metabolism in geese and its tremendous impact on goose core metabolism. Further studies are needed to understand the physiological significance of the differential gene expression observed in these geese. These future studies will be a useful resource for understanding the molecular mechanisms regulated by dietary factors.
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